Since leptin levels are independently correlated with risk of coronary heart disease, we have identified signaling pathways important in mediating leptin production and lipogenesis in human preadipocytes. We used inhibitors of p70 S6 kinase, p42/44 mitogen-activated protein kinase (MAPK), p38 MAPK, and phosphatidylinositol 3-kinase (PI3K). Human preadipocytes were induced to differentiate in insulin, dexamethasone, triiodothyronine, and 3-isobutyl-1-methylxanthine in the presence or absence of inhibitors and the peroxisome proliferator-activated receptor (PPAR)-␥ activator rosiglitazone. Differentiation was assessed by measuring leptin secretion, lipid content, and lipogenic activity. Rosiglitazone increased cell protein by 15%, the lipid content of the cell layer was doubled, and the lipogenic activity increased sevenfold but did not stimulate leptin secretion. None of the inhibitors significantly inhibited protein content over 20 days, but lipid content and lipogenic activity were inhibited by p70 S6 kinase and p38 MAPK inhibition but not by p42/44 MAPK or PI3K inhibition. All of the inhibitors significantly decreased leptin secretion, and these inhibitory effects were increased by coincubation with rosiglitazone. We conclude that PI3K and p42/44 MAPK pathways are not critical to the differentiation program leading to lipid accumulation, but stimulation of leptin secretion is dependent on these as well as the p70 S6 kinase and p38 MAPK signaling pathways. Diabetes 52: [43] [44] [45] [46] [47] [48] [49][50] 2003 
H
uman obesity is a significant risk factor in a number of diseases, such as non-insulin-dependent diabetes (type 2 diabetes) and hypertension (1). Obesity is characterized by an increase in the size of lipid stores in adipocytes and an increase in the number of adipocytes. These are derived from a pool of existing preadipocytes, which are ready to differentiate when an appropriate signal is given, a process referred to as adipogenesis (2) . Changes in the expression levels of roughly 300 proteins are estimated to occur in the structural and functional morphogenesis associated with adipocyte differentiation (3) .
Adipocyte differentiation is regulated by a number of hormones, growth factors, and cytokines. Essential components include cAMP, insulin, and glucocorticoids, while tumor necrosis factor (TNF)-␣, a product of adipocytes, is known to inhibit differentiation (2,4 -6) . Differentiation can be characterized by chronological changes in the expression of numerous genes. These include lipoprotein lipase (LPL), peroxisome proliferator-activated receptor (PPAR)-␥, GLUT4, glycerol-3-phosphate dehydrogenase (G3PDH), and leptin, which appear during different stages of differentiation, leading to the characteristic changes in morphology and the accumulation of triglyceride in the cytoplasm (2, 5) .
Leptin, the 167-amino acid product of the ob gene, is synthesized primarily in adipocytes and is a major regulator of fat and energy storage due to its effects on the hypothalamus and neuropeptide Y secretion. The leptin receptor is, however, widespread and is expressed on inflammatory blood cells, lung, liver, and intestine, and leptin has inhibitory effects on glucose metabolism and insulin secretion due to its effects on pancreatic ␤-cells (7) . In obesity, there is leptin resistance to the elevated circulating leptin levels (7, 8) . Leptin has been shown in several studies to be an independent risk factor for coronary heart disease (9,10), but in obesity, sensitivity to effects on the sympathetic nervous system may not be decreased compared with metabolic effects. This may explain the hypertension observed in obesity (8) .
Transcription factors play an important role in adipocyte differentiation. One important transcription factor is PPAR-␥, which, in gain-of-function studies where nonadipogenic fibroblastic cells were made to express PPAR-␥, a strong differentiation response was obtained (11, 12) . The use of synthetic ligands for PPAR-␥ such as the thiazolidinediones has shown promotion of adipogenesis in vitro (13) , although the requirement for insulin, dexamethasone, and cAMP in vitro remains (14) . However, PPAR-␥ activation inhibits leptin gene transcription in 3T3-L1 cells, and human studies show a reduction in circulating leptin with thiazolidinedione treatment (15, 16) . Autocrine TNF-␣ also inhibits leptin transcription in human adipose cells and inhibits other aspects of differentiation, such as G3PDH, GLUT4, and PPAR-␥ expression. TNF-␣ also causes the dedifferentiation of human mature adipocytes (17, 18) .
This study aims to determine whether the differentiation program in adipocytes is differentially susceptible to inhibition by specific inhibitors of signaling pathways and PPAR-␥ activation. To accomplish this, we have treated differentiating human preadipocytes with four different inhibitor compounds: rapamycin, PD98059, wortmannin, and SB203580, which inhibit p70 S6 kinase, p42/44 mitogenactivated protein kinase (MAPK), phosphatidylinositol 3-kinase (PI3K), and p38 MAPK, respectively. Rapamycin inhibits the insulin-responsive kinase, p70 S6 kinase, by binding with FK-506 -binding protein-12 (FKBP12), and this complex interacts with mTOR, causing the inhibition of p70 S6 kinase (19) . PD98059 has been shown to inhibit MEK1, an enzyme that activates p42/44 MAPK (20) . p42/44 MAPKs play a major role in the regulation of cell growth and differentiation in adipocytes and elsewhere (21) . SB203580 is a pyridinyl imidazole that inhibits p38 MAPK (22) , while wortmannin inhibits PI3K, an enzyme that selectively phosphorylates the 3-position of the inositol ring and is acutely activated by insulin and other growth factors (23) . These compounds inhibit pathways known to be involved in cell differentiation. We have also examined the effect of PPAR-␥ activation on differentiation and on the effects of the inhibitors.
RESEARCH DESIGN AND METHODS
Subjects. Subcutaneous adipose tissue was obtained from patients undergoing elective surgery in accordance with the guidelines of the South Birmingham ethics committee. None of the patients had diabetes or severe systemic illness, and none was taking medications known to influence adipose tissue mass, distribution, or metabolism. Isolation and culture of human preadipocytes. Adipocytes were isolated by a variation of the method of Rodbell (24) . Adipose tissue was digested with 1 mg/ml type I collagenase (Worthington Biochemical, Freehold, NJ) in Hank's balanced salt solution (HBSS), for 1 h at 37°C, and shaken at 100 cycles/min. The disrupted tissue was filtered through a double-layered cotton mesh, and isolated cells were washed with HBSS and centrifuged at 250g for 5 min to give a pellet containing preadipocytes. The cell pellet was resuspended in erythrocyte lysis buffer (154 mmol/l NH 4 Cl, 5.7 mmol/l K 2 HPO 4 , and 0.1 mmol/l EDTA, pH 7.0) for 10 min and centrifuged at 250g for 5 min to remove erythrocyte contamination. The resulting pellet was washed in HBSS, centrifuged at 250g for 5 min, and resuspended in DMEM/Ham's F-12 medium (Invitrogen, Paisley, U.K.) supplemented with 15% bovine FCS (First Link, Brierley Hill, U.K.). The cells were plated in tissue culture dishes and grown until confluent. All media used was supplemented with 100 units/ml penicillin G (Sigma) and 0.1 mg/ml streptomycin sulfate (Sigma). Differentiation of human preadipocytes. Confluent preadipocytes were washed twice with HBSS and cultured in differentiation medium containing 100 nmol/l insulin (Sigma), 100 nmol/l dexamethasone (Dex) (Sigma), 0.2 nmol/l triiodothyronine (T3) (Sigma), and, for the first 4 days of culture, 25 mol/l 3-isobutyl-1-methylxanthine (IBMX) (Sigma). Cells were treated with four different inhibitor compounds, 10 Ϫ7 mol/l rapamycin (Calbiochem, Nottingham, U.K.), 10 Ϫ5 mol/l PD98059 (Calbiochem), 10 Ϫ7 mol/l wortmannin (Alexis, San Diego, CA), 10 Ϫ6 mol/l SB203580 (supplied by GlaxoSmithKline, U.K.) as well as the insulin-sensitizing agent 10 Ϫ6 mol/l rosiglitazone (supplied by GlaxoSmithKline, U.K.). Stock solutions were made up in DMSO, and control cultures were treated with differentiation medium and the vehicle DMSO. Cells were incubated in 5% CO 2 :95% air at 37°C, and differentiation medium and treatments were changed every 2-3 days for 20 days until cells had accumulated visible lipid droplets. Lipogenesis assay. Lipogenesis was measured in 20-day-old differentiated preadipocytes using a variation of the method described by Moody et al. (25) . Briefly cells were washed in HBSS and incubated overnight at 37°C, 5% CO 2 :95% air, in DMEM (GibcoBRL Life Technology) containing 5 mmol/l glucose (Sigma), 100 nmol/l insulin, 100 nmol/l Dex, 0.2 nmol/l T3, and 2 Ci/ml D-[U- 14 C]glucose (specific activity 291 mCi/mmol) (Amersham International, Slough, U.K.) as well as treatments with 10 Ϫ7 mol/l rapamycin, 10
Ϫ5
mol/l PD98059, 10 Ϫ7 mol/l wortmannin, 10 Ϫ6 mol/l SB203580, and 10 Ϫ6 mol/l rosiglitazone. Cells were washed twice with HBSS, lipid was extracted using ethanol, and D-[U-
14 C]glucose radioactivity was determined by liquid scintillation counting. Lipid staining of differentiated preadipocytes. Lipid staining was carried out using a variation of the method described by Culling (26) . Briefly cells were washed with HBSS and stained with 2.5% Oil Red O dissolved in isopropanol (Sigma) for 15 min at room temperature. Cells were briefly washed with 60% isopropanol (Fisher Scientific U.K., Loughborough, U.K.) at room temperature and then washed twice with distilled water. Cells were viewed under a light microscope. Lipid and Oil Red O were extracted using ethanol, and the absorbance was measured on a spectrophotometer at 520 nm wavelength. Protein assay. The cell layer was dissolved in sample buffer containing 2% sodium dodecyl sulfate (SDS) solution (2% SDS, 62.5 mmol/l Tris-HCl, pH 6.8), and protein content was determined using a modified Lowry assay (BioRad, Preston, U.K.). Leptin enzyme-linked immunosorbent assay. Conditioned medium was collected from differentiated preadipocytes daily for a period of 12 days. The total amount of secreted leptin during differentiation was measured using an enzyme-linked immunosorbent assay (ELISA) kit (DRG Diagnostics, Marburg, Germany). The procedure was modified by the addition of 0.1% Triton added to samples and standards. Conditioned medium was not diluted, 50 l of sample was assayed directly, and standards were diluted in differentiation medium. These samples remained on the linear scale of the standard curve throughout the collection period. Determination of DNA content. Nuclei of cells fixed in 95% ethanol were stained with acridine orange (10 g/ml in HBSS) (Sigma) for 1 min in the dark at room temperature. Cells were washed twice with HBSS, and the cell layer was taken up in 1 mol/l NaOH. DNA content was determined by measuring the excitation and emission wavelength at 485 nm and 535 nm in a fluorescence microplate reader. Western blot analysis for phosphorylated p38 MAPK. Cell-layer proteins isolated from preadipocytes and differentiated preadipocytes treated with TNF-␣ (100 ng/ml) (PeproTechEC, London, U.K.) and dissolved in SDS solution were separated by SDS-PAGE using a 12.5% polyacrylamide gel and a 7.5% stack. The cell layer was dissolved in sample buffer, reduced with 10% ␤-mercaptoethanol, heated for 5 min at 95°C, and run on a gel. Prestained molecular weight markers (Sigma) were used as standards. The separated proteins were transferred to a polyvinylidene difluoride (PVDF) hybond membrane (Amersham International) by electroblotting at 425 mA for 3 h in a vertical transfer apparatus. The membrane was blocked by incubating in 10% nonfat milk in Tris-buffered saline-Tween 20 (TBS-T) (10 mmol/l Tris-HCl, pH 7.5, 100 mmol/l NaCl, 0.1% Tween 20) for 1 h at room temperature to prevent nonspecific binding. The membrane was incubated in anti-phospho-p38 MAPK primary antibody (New England Biolabs, Hertfordshire, U.K.) at a dilution of 1:1,000 in TBS-T with 10% nonfat milk for 3 h at room temperature. The membrane was washed three times in TBS-T and incubated with anti-rabbit IgG horseradish peroxidase (HRP) secondary antibody (Binding Site, Birmingham, U.K.) at a dilution of 1:10,000 in TBS-T for 1 h at room temperature. The antigens were detected by the enhanced chemiluminescence (ECL) system (Insight Biotechnology, Middlesex, U.K.) after exposure to X-ray film for 15 min. Statistics. All experiments in the study were performed using adipose tissue from at least three patients (n Ն 3). One-way ANOVA and unpaired Student's t test were used for data analysis in this study. Data are shown as means Ϯ SE. P values Ͻ0.05 were considered significant.
RESULTS
Differences in preadipocyte differentiation in the presence of rosiglitazone measured by cell morphology. Preadipocytes were induced to differentiate for 20 days in medium containing insulin, Dex, T3, and, for the first 4 days of culture, IBMX. Figure 1A shows preadipocytes before differentiation is induced. The preadipocytes have a characteristic fibroblastic appearance. When differentiation is induced, morphological changes occur with cells becoming spherical with cytoplasmic lipid droplets accumulating as shown in Fig. 1B . The addition of rosiglitazone to the differentiation medium markedly increased the number of visible lipid droplets as shown in Fig. 1C compared with preadipocytes differentiated in differentiation medium alone shown in Fig. 1B .
Effects of rosiglitazone on cell survival, leptin secretion, lipid accumulation, and lipogenesis. To assess the effect of rosiglitazone on the differentiation, five different parameters were examined. These were protein content, total leptin secretion over 12 days of differentiation, total DNA content, the amount of accumulated lipid, and lipogenesis. The final two parameters have been corrected for protein content. Table 1 shows the results from a representative experiment. This experiment was repeated 15 times with comparable data. Relative effects were maintained, although individual preparations show variation in their extent of differentiation (27) . The addition of rosiglitazone to the differentiation medium caused a significant increase of 15% in protein content of the cells (P Ͻ 0.01). DNA content was increased by a similar amount, although the effect was not statistically significant. Rosiglitazone increased the amount of lipid accumulated twofold (P Ͻ 0.0001), and the level of de novo lipogenesis was increased sevenfold (P Ͻ 0.0001) when compared with cells cultured for 20 days in differentiation medium alone. Rosiglitazone had no effect on the total amount of leptin secreted over 12 days of preadipocyte differentiation compared with cells cultured for 12 days in differentiation medium alone. Effects of rapamycin, SB203580, PD98059, and wortmannin inhibitors on protein synthesis of differentiated preadipocytes. Preadipocytes were induced to differentiate over 20 days in differentiation medium with and without rosiglitazone. Four inhibitor compounds, rapamycin, SB203580, PD98059, and wortmannin, were added to cells when differentiation was initiated and were maintained in the medium throughout the 20-day period. After this 20-day period, the cell layer was removed and the amount of protein present was determined. None of Figure 1B shows 20-day-old differentiated preadipocytes, while Fig. 1D -G shows 20-day-old differentiated preadipocytes treated with rapamycin, SB203580, PD98059, and wortmannin, respectively. The addition of rapamycin and SB203580 ( Fig. 1D and E) significantly reduced the amount of spherical lipid droplets observed while the addition of PD98059 and wortmannin ( Fig. 1F and G) had little effect on lipid accumulation compared with differentiated preadipocytes without inhibitor (Fig.  1B) .
To quantify this effect on lipid accumulation, the 20-dayold preadipocytes were stained with the dye Oil Red O, and the amount of stain taken up was quantified. Figure 2 shows the effect of the inhibitors on lipid accumulation of differentiated cells in the presence and absence of rosiglitazone in the differentiation medium. Rapamycin (74% of control, P Ͻ 0.05) and SB203580 (77% of control, P Ͻ 0.05) significantly reduced the level of lipid accumulation in cells, while PD98059 and wortmannin had no significant effect (Fig. 2) . In preadipocytes differentiated in the presence of rosiglitazone, rapamycin (63% of control, P Ͻ 0.01) and SB203580 (52% of control, P Ͻ 0.01) again significantly inhibited lipid accumulation, while PD98059 and wortmannin had no effect (Fig. 2) . Effects of rapamycin, SB203580, PD98059, and wortmannin inhibitors on lipogenesis of differentiated preadipocytes. To determine lipogenesis, the uptake of 14 C-glucose in 20-day-old differentiated preadipocytes was assessed. Cells had been differentiated with and without rosiglitazone in the differentiation medium, and the inhibitors had been added to the cells throughout the 20-day period. Rapamycin (75% of control, P Ͻ 0.05) and SB203580 (53% control, P Ͻ 0.01) significantly reduced the uptake of 14 C-glucose into lipid, while PD98059 and wortmannin had no significant effect (Fig. 3) . In preadipocytes differentiated in the presence of rosiglitazone, rapamycin (67% of control, P Ͻ 0.01) and SB203580 (36% of control, P Ͻ 0.01) again significantly reduced the incorporation of 14 C-glucose into lipid, while PD98059 and wortmannin had no effect (Fig. 3) . The inhibitory effects were enhanced in the presence of rosiglitazone. Data are means Ϯ SE. Preadipocytes were cultured in differentiation medium and differentiation medium containing rosiglitazone for 20 days. After this period, the protein content, leptin content, cell count, lipid content, and the level of lipogenesis were assessed to determine the level of differentiation. The data shown are a representative experiment, and the lipid content and lipogenesis data have been corrected for protein content.
tiated preadipocytes. Preadipocytes were differentiated in the presence of the four inhibitors rapamycin, SB203580, PD98059, and wortmannin over 12 days, and the conditioned medium was collected daily. To determine the total amount of leptin secreted, an ELISA was carried out on the conditioned medium collected over 12 days, allowing the determination of total leptin secreted after 12 days of differentiation. Figure 4 shows the effect of the four inhibitors on leptin secretion during differentiation over a 12-day period. The addition of SB203580 (6% of control, P Ͻ 0.01) markedly inhibited leptin secretion, while the addition of wortmannin (22% of control, P Ͻ 0.05), rapamycin (34% of control, P Ͻ 0.05), and PD98059 (34% of control, P Ͻ 0.05) also significantly inhibited leptin secretion compared with control.
Effect of TNF-␣ treatment on phospho-p38 MAPK.
Preadipocytes and differentiated preadipocytes were treated with TNF-␣ (100 ng/ml) for different time periods. Figure 5A shows the time course of phospho-p38 MAPK activation in preadipocytes, while Fig. 5B shows the time course of phospho-p38 MAPK activation in differentiated preadipocytes. A single band of 43 kDa was detectable after 5 min incubation with TNF-␣ in preadipocytes (Fig.  5A ) and 15 min TNF-␣ incubation in differentiated preadipocytes (Fig. 5B) . After 1 h, phospho-p38 MAPK levels reduced to undetectable levels.
DISCUSSION
In human preadipocyte differentiation, we found that rosiglitazone increased the protein and DNA content of the cell layer modestly. Lipid content of cells was increased twofold but lipogenesis was increased sevenfold compared with cells differentiated in differentiation medium without rosiglitazone. In contrast, leptin secretion was not increased with rosiglitazone treatment, consistent with a preferential inhibition of this marker of differentiation compared with lipogenesis. Studies with 3T3 cells (15) and short-term in vitro studies in mature human adipocytes showed that PPAR-␥ activation reduces leptin mRNA. Our data show that throughout differentiation PPAR-␥ activation increases the extent and rate of differentiation into mature fat cells while having no such stimulatory effect on leptin synthesis. Consistent with its role as an insulin sensitizer, PPAR-␥ activation in human adipocytes was found to increase the transcription and insulin-induced activation of the p85␣ subunit of PI3K (28) . Since insulin is reported to be a repressor of glucocorticoid-induced leptin synthesis (29) , as well as having antilipolytic functions (30) , our studies showing no increase in leptin secretion compared with elevated lipid stores following PPAR-␥ activation are compatible with these data.
We used specific inhibitors of different signaling pathways and assessed the effect on markers of adipocyte differentiation. Inhibition of p70 S6 kinase and p38 MAPK inhibited adipocyte differentiation, assessed by the lipogenic activity of differentiated cells and the level of lipid accumulation within the cells. The inhibitory effects were greater for p38 MAPK inhibition. PI3K and p42/44 MAPK inhibition, however, had no inhibitory effect on lipid metabolism, but all four inhibitors markedly inhibited leptin secretion, a late marker for adipocyte differentiation.
p70
S6 kinase has been implicated in protein synthesis, especially in the transcriptional and translational regulation of insulin effects (31). We did not find inhibitory effects on protein synthesis over 20 days in culture, suggesting that rapamycin is not cytotoxic. However, new protein synthesis, which would be necessary to initiate a program of differentiation, may be limited.
In agreement with studies in 3T3-L1 cells (32), we found that p38 MAPK inhibition inhibits human adipocyte differentiation. Its essential roles in inflammation, growth, differentiation, the cell cycle, and cell death have been shown in other cell types (22) . In 3T3-L1 cells, the active phosphorylated form of the transcription factor CCAAT/enhancer-binding protein (C/EBP) ␤ was reduced by SB203580 (32) . C/EBP ␤ is an activator of C/EBP ␣ and PPAR-␥, two potent adipogenic transcription factors (33) . Inhibition of p38 MAPK may thus inhibit C/EBP ␣ and PPAR-␥ activation and block adipocyte differentiation (32) in this way.
We show here that TNF-␣ activates the p38 MAPK pathway in human preadipocytes and adipocytes consistent with data from 3T3-L1 cells (32) and fetal brown adipocytes (34) . Because our data show that the p38 MAPK pathway is essential for differentiation, we conclude that the inhibitory effects of TNF-␣ on differentiation are not mediated by the p38 MAPK signaling pathway.
The noninvolvement of the p42/44 MAPK signaling pathway in adipocyte lipogenesis has been shown in some, but not all, studies with 3T3-L1 cells (4) . In human cells, PPAR-␥ is a substrate for p42/44 MAPK, and its phosphorylation leads to decreased adipocyte differentiation (6, 35, 36) . A genetic mutation in PPAR-␥ at this phosphorylation site has been found in obese individuals (37) . Blocking p42/44 MAPK should therefore increase differentiation, but our studies in human adipocytes induced to differentiate in long-term culture show that other pathways downstream of p42/44 MAPK must mitigate this stimulation.
PI3K plays an essential role in the regulation of various cellular activities, including proliferation, differentiation, and the prevention of apoptosis (38) . In this study, we show that the inhibition of PI3K by wortmannin had no effect on human adipocyte lipogenesis. This contradicts the results of other studies, which have shown that wortmannin inhibits adipocyte differentiation (38, 39) . However, those studies have been carried out in cell lines such as 3T3-L1 cells where postconfluent mitoses are thought to be required early on for successful differentiation of this cell line (clonal expansion phase) (40) . PI3K inhibition is likely to interfere with this phase, whereas this staging is not required in human adipocytes. Studies looking at insulin treatment on GLUT4 levels have shown differences between 3T3-F442A and primary rat adipocytes, thus reinforcing the apparent differences between cell lines and primary culture (41), and Ryden et al. (42) found constitutively active p42/44 MAPK in these cells. It is surprising that wortmannin is less potent than rapamycin in our assays, because PI3K is upstream of the rapamycin target p70 S6 kinase. Our data suggest that the pathways are not directly linked.
Insulin has a known antilipolytic action, and it was possible that the antilipolytic effect would be separable from stimulatory effects on lipogenesis. However, with all of our inhibitors, the effects on lipogenesis are directly comparable to the effects on lipid content in the cells. This suggests that the antilipolytic effects of insulin are not mediated through these pathways. For rosiglitazone, stimulatory effects were more marked on lipogenesis than lipid accumulation, suggesting preferential effects.
In contrast to the disparate effects on lipogenesis, all four inhibitors profoundly inhibited leptin secretion. PD98059 and wortmannin, which inhibit pathways involved in insulin signaling, inhibited leptin secretion without inhibition of lipogenesis and lipid storage. Since insulin stimulates secretion of stores of leptin and does not increase leptin expression (43) , it seems unlikely that its effects on leptin gene expression are mediated through these pathways. However, it should be remembered that the design of this study differs from the acute, short-term studies showing insulin-mediated inhibition of leptin mRNA (44, 45) . Indirect effects of insulin on genes important in leptin gene transcription may occur. These could include autocrine growth factors such as fibroblast growth factors, insulin-like growth factors (IGFs), and angiopoietins, which will use some of these signaling pathways. Furthermore, dexamethasone and cortisol are known to increase leptin expression and to interact with the MAPK signaling pathway. Steroid receptors recruit p160 family members whose activity is regulated by MAPKs (46) . Inhibition of MAPK may thus inhibit glucocorticoid receptor signaling and inhibit leptin production (43) .
Serum leptin has been shown to be an independent risk factor in cardiovascular disease (9, 10) . Both insulin and rosiglitazone increase differentiation of preadipocytes and increase adipose mass. Inhibiting different signaling pathways resulted in inhibition of leptin secretion, but not always inhibition of adipocyte differentiation. This suggests that there is a redundancy in signaling as far as differentiation is concerned, but not in the regulation of leptin secretion. Rosiglitazone treatment is associated with favorable changes in adipose tissue cytokines, including leptin, adiponectin, and TNF-␣ (16,47,48 ). Our data indicate that this is due to stimulatory effects of PPAR-␥ agonists on lipogenesis as opposed to leptin secretion.
